The free radical theory of aging predicts that calorie restriction, which extends life span, should reduce oxidant damage. In mammals, the oxidative processes centered in the liver are a major source of free radicals. Liver catalase has the dominant role in the intracellular detoxification of hydrogen peroxide. In male rodents, published studies indicate that aging decreases catalase gene transcription and that calorie restriction obviates this effect. In females, published studies are inconsistent, and no molecular mechanisms have been identified. Here we report that, in female mice, aging can lead to an increase in the translational efficiency of hepatic catalase mRNA, and that calorie restriction obviates this effect. Consideration of these results and published studies leads us to propose that the variability in catalase results in females may arise from the small number of studies or from unique aspects of female physiology, perhaps the estrous cycle and its cessation with age.
T HE free radical theory of aging proposes that free radicals, especially reactive oxygen species, are causally involved in aging (1) . Oxidative damage accumulates with time despite the activity of multiple antioxidant and enzymatic repair systems (2, 3) . Oxidative damage is associated with age-related diseases such as arthritis, neurological and psychiatric disorders, inflammation, autoimmune disease, hemolytic states, and carcinogenesis (4) (5) (6) (7) (8) . However, the evidence for a causal role of free radicals in aging remains equivocal at present.
In mammals, the oxidative processes centered in the liver are major sources of free radicals. These processes include (3-oxidation of fatty acids, the oxidative detoxification of xenobiotics, and the biosynthesis of steroid hormones. Liver catalase has the dominant role in the intracellular detoxification of hydrogen peroxide (H 2 O 2 ) from these sources. Mammalian catalase is a homotetrameric iron-containing hemeprotein of -240,000 molecular weight. It is found primarily in peroxisomes, where it makes up 40% of the peroxisomal protein by mass (9) . It may also be present at lower concentrations in the cytoplasm and the mitochondria (10, 11) .
There have been at least 17 reports of the effects of age on hepatic catalase in mice and rats (Table 1) . A consistent decrease in catalase activity and/or mRNA with age has been reported in male mice and rats of several strains (12) (13) (14) (15) (16) (17) (18) (19) . In Fischer 344 rats this decrease has been traced to gene transcription (13, 15) . The effects of dietary calorie restriction (CR) on catalase gene expression have also been consistent in males. CR prevents the age-related decrease in catalase activity or mRNA in old male rats (12, 13, 15, 18) .
In female mice and rats the results have been more variable. Two studies found no change in catalase activity with age in female mice, and one found a decrease (19) (20) (21) . In female rats, the studies are evenly divided between those that found an increase and those that found a decrease in activity with age (16, 17, 22, 23) . Only two measurements of catalase mRNA have been made in female mice. One study found an increase and the other a decrease with age (19, 24) . There are relatively few studies investigating the interaction between age and diet on hepatic catalase gene expression using female animals (Table 1) . One study found an increase (20) and the other no change in catalase activity with CR (19) . Two studies found no change in catalase mRNA with CR (19, 24) .
Thus, different results have been reported in male and female rodents. While the results are consistent in males, the studies conducted with females are much less consistent. To address the inconsistencies, we have assessed the effects of age and diet on catalase mRNA, protein, and activity using female mice of a long-lived F, hybrid strain (C3B10RFi). Our results indicate that aging can increase the efficiency of catalase mRNA translation in old control female mice, and CR obviates these effects.
METHOD

Diets
Mice were weaned at 28 days, housed individually, and subjected to one of the two dietary regimens described below. The composition of the defined diets and feeding regimen has been described in detail (25) . They are formulated so that dietary groups receive approximately equal amounts of protein, corn oil, minerals, and vitamins per gram body weight. The amount of carbohydrates consumed varied between groups. Control mice consumed the control diet in amounts that provided -95 kcal per week, -10% less than consumed by ad libitum fed mice. The 50% CR mice ingested the restricted diet in amounts providing -52 kcal per week. The 50% restricted mice were fed Mondays, Wednesdays, and Fridays. On Fridays, the mice received 1.5 times the amount given at the other feedings. The control mice were fed daily, except weekends. On Friday, they were given a 3-day allotment of B180 Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/53A/3/B180/540496 by guest on 13 February 2019 •Both males and females were utilized in this publication, but it is not clear which sex was used for each study reported. fThe results could not be analyzed statistically due to a small sample number.
food. Feeding was between 0900 and 1100 h. All food was routinely consumed, and mice had free access to water. Food was removed from the cages 12 h before the mice were used.
Mice
We have used females of the long-lived Fi hybrid strain C3B10RF, previously for studies of CR (e.g., ref. 25) . Male C57BL10.RIII/Sn and female C3H.Sw/Sn obtained from Jackson Laboratories (Bar Harbor, ME) were bred and maintained at our animal facility. Mice were maintained at 20-24°C and 50-60% humidity with lights on from 0600 to 1800 h. Sentinel mice were kept in the same room as the experimental mice, and serum samples screened every 6 months for titers against 11 common pathogens. No positive titers were found during these studies. Mice from two cohorts (7-and 21-month-old) were utilized. The 21-month-old CR and control mice weighed 22.4 ± 1.5 and 40.6 ± 7.4 g, respectively. The 7-month-old CR and control mice weighed 20.8 ± 2.1 and 24.9 ± 3.4 g. Weights were determined weekly and at the time of use. Animal use protocols were approved by the appropriate animal use committees of the University of California, Riverside, and the University of California, Los Angeles.
Catalase Activity
Mice were killed by cervical dislocation and the livers removed and frozen in liquid nitrogen. For determination of peroxidatic activity, approximately 20 mg of liver tissue in 380 JULI of ice-cold buffer (25 mM KH 2 PO 4 -NaOH at pH 7.0, 1% Triton X-100) was sonicated at a setting of 3, five times for 1 second each (Branson model 350 Sonifier Cell Disrupter, Danbury, CT), with cooling in an ice bath. Debris were removed by centrifugation in a Beckman microfuge at 16,000 X g for 10 min at 4°C. Peroxidatic activity was measured and the units calculated as described (26) . For measurement of catalatic activity, liver tissue was sonicated as above in ice-cold KCl-Tris buffer (0.15 M KC1, 0.02 M Tris-HC1 at pH 7.4). After centrifugation, as described above, catalatic activity was assayed as described (27) . Total protein was quantified by the method of Bradford (28) .
Western Blots
Catalase protein levels were quantified by Western blotting (29) using ~25 mg of frozen liver tissue sonicated for 8 s at a setting of 3 (Branson model 350), in 300 JJLI of 50 mM Tris at pH 6.8, 715 mM (3-mercaptoethanol, 69 mM sodium dodecyl sulfate, and 1.3 M glycerol. After centrifugation, 15 |xg samples were subjected to electrophoresis on a cross-linked 3.5 mM sodium dodecyl sulfate, 375 mmol Tris at pH 8.8, 17.5 mM N,N' methylene-bis-acrylamide, 110 mM acrylamide gel. After transfer to nitrocellulose by electroblotting in 25 mM Tris at pH 8.3, 192 mM glycine, 4.9 M methanol, the nitrocellulose membrane used in Figure  4 was stained with Ponceau-S dye to determine the relative level of protein in each lane (30) . Catalase was detected with rabbit anti-human catalase antibody (1.72 mg/L; Calbiochem, La Jolla, CA) and goat anti-rabbit immunoglobulins conjugated with horseradish peroxidase (0.1 mg/L; Accurate Chemical & Scientific Corp., San Diego, CA) and an ECL kit, as described by the manufacturer (Amersham, Arlington Heights, IL). Quantitation was performed using a laser densitometer (LKB, Bromma, Sweden) or a white light densitometer (E-C Apparatus Corp., St. Petersburg, FL).
RNA Isolation and Visualization
Approximately 0.2 g of frozen liver tissue was homogenized for 30 s in 5 mL of TRI Reagent (Molecular Research Center, Cincinnati, OH) using a Tekmar Tissuemizer (Tekmar, Cincinnati, OH) at a setting of 55. RNA was isolated as described by the TRI Reagent supplier. RNA was resus-pended in FORMAzol (Molecular Research Center) and Northern and dot blots were performed as described by Thomas (31) and White and Bancroft (32) using 20 and 10 |xg of RNA, respectively. Mouse catalase cDNA was radioactively labeled with [a- 32 P]dCTP to a specific activity of 1.7 MBq/jxg by multiprime labeling using a kit according to the method of the supplier (Pharmacia, Piscataway, NJ). Oligonucleotides complementary to 18S rRNA (33) and oligo-dT (Pharmacia) were 5' end labeled with P]-ATP and T 4 polynucleotide kinase (New England Biolabs, Beverly, MA) to a specific activity of 7 KBq/pmol. Northern and dot blots were hybridized with 22 KBq/mL, 4.2 KBq/mL, and 9 KBq/mL of the catalase, 18S rRNA, and oligo-dT probes, respectively. Hybridization was quantified using a phosphorimager (Molecular Dynamics, Sunnyvale, CA).
Determination of the Rates of Catalase Synthesis and Degradation
3-Amino-l,2,4-triazole (AT) was administered i.p. to 25-month-old mice of both dietary groups [1 mg/kg in ~200 |xl of Hanks Balanced Salts (Sigma, St. Louis, MO) with 10 mM HEPES (U.S. Biochemical Corp., Cleveland, OH), pH 7.4]. Four mice from each dietary group were used for each time point. The control mice weighed 40.2 ± 3.7 gm and the CR mice 28.4 ± 2.5 gm. Sham injected controls received the Hanks-HEPES vehicle described above. Four sham-injected mice of each dietary group were used to determine the normal activity level. Hepatic catalase activity is destroyed within one hour of i.p. AT administration (34) . The free drug is eliminated after about 12 hours, and thereafter catalase begins to accumulate at a constant rate (34) . Mice were killed, livers removed, and activity levels determined as described above. The kinetics of reappearance and the normal steady-state level of activity were used to determine the rate constants for catalase degradation (Ko) and synthesis (Ks) (35, 36) . This method of determining Ko and Ks assumes steady-state rates of catalase synthesis and degradation. AT administration has no effect on the rate of catalase synthesis or degradation (34) (35) (36) .
Statistical Analysis
Student's unpaired /-test was used to analyze the effect of CR on catalase mRNA and protein and activity levels in the 21-month-old animals. The effects of age, diet, and their interaction on peroxidatic activity in the 7-and 21-monthold animals were analyzed using a two-way ANOVA. A significant interaction indicated different age effects on control and CR mice. Therefore, Student's /-test, based on the two-way ANOVA mean square error, was used to assess the age effects within each diet group and the diet effects within each age group. ANOVA computations were performed using Minitab statistical software (37) . A 95% level of confidence was considered significant.
RESULTS
The effects of age and diet on peroxidatic hepatic catalase activity were determined using 7-and 21-month-old mice of the long-lived C3B10RFi hybrid strain (Figure 1 ). There was a significant Age X Diet interaction (p < .001). Peroxidatic hepatic catalase activity increased significantly with age only in the control group (p < .0001). No significant change occurred with diet in the young mice (p = .125). Activity was the same in young control, young CR, and old CR mice. However, catalase activity in old control mice was approximately 50% higher (p < .0001).
These results were further investigated by comparing the effects of CR on the catalatic and peroxidatic activities of catalase using livers from the 21-month-old mice. As described above, these assays are based on separate functions of the enzyme (Figure 2 ). Both assays gave similar results (Figure 3) . Because both enzyme assays were linear over the range of activities found in all animals (data not shown), the results confirm that catalase activity was increased ~50% in old control mice (p < .001).
To investigate the mechanism for the elevation in catalase activity, catalase protein levels were quantified by Western blotting. A representative blot is shown in Figure 4A . A single catalase protein band with an apparent molecular weight of -60,000 was detected. The level of catalase protein was about 50% lower in CR mice ( Figure 4B ; p < .001). This lower level of catalase cannot be accounted for by differences in the amount of protein loaded or transferred in each lane or the linearity of the antibody assay. Equal loading and transfer of protein were verified using Ponceau S protein stain (data not shown). In addition, the assay was linear over the full range of catalase concentrations present in this study (data not shown). These results indicate that the specific activity of the enzyme is not enhanced in the old control mice. Instead, the proportionality between enzyme activity and protein indicates that the amount of hepatic catalase increases in old control mice.
The effect of CR on catalase mRNA was determined to Figure 1 . Effects of age on peroxidatic activity of catalase in the liver of control (C) and calorie-restricted (CR) mice. Peroxidatic activity of catalase in the liver from control and CR mice at 7 months (8 animals from each dietary regimen) and 21 months (8 mice from each dietary regimen) of age was assessed by two-way ANOVA with age and diet as the factors. This analysis revealed a significant Age X Diet interaction (p < .001). There was a significant age-related increase only in control mice (p < .0001). Also, liver from control mice had significantly higher activity than liver from CR mice in the 21-month-old group (p < . explore the possibility that this increase was due to a change in the level of template ( Figure 5 ). Figure 5 A is a representative Northern blot of hepatic RNA from four animals of each dietary group. To control for RNA loading and transfer, the level of 18S rRNA present in each sample also was determined ( Figure 5A) . No difference was apparent in the intensity or size of catalase mRNA in the two groups of animals. Catalase mRNA levels also were analyzed by dot blotting of RNA isolated from eight CR and eight control mice ( Figure  5B ). Again, no significant difference was found between CR and control-fed mice. These results indicate that CR reduced catalase levels either by altering the translational efficiency of its mRNA or the stability of the protein.
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The rates of catalase synthesis and degradation were determined using AT, an irreversible inhibitor of catalase activity.
The free drug is eliminated after 12 hours, and thereafter active catalase begins to accumulate at a constant rate (34) . Liver catalase activity was measured at various times after AT administration to old mice ( Figure 6 ). The data are expressed as the difference between the amount of catalase activity in untreated mice of each dietary group (100%) and the amount of catalase activity in the liver of AT-treated mice after each time period. Thus, the slopes of the lines reflect the rate of turnover of the enzyme. The greater the slope, the more rapid the reappearance of enzyme activity (34) . As can be seen, activity reappeared at a more rapid rate in the AT-treated control mice than in the AT-treated CR mice. These kinetics and the relative levels of activity in the CR and control mice were used to calculate the rates of catalase synthesis (K s ) and degradation (K D ) as described (35, 36) . The rate of synthesis of catalase in control mice was approximately twice the rate found in CR mice. The rates of degradation of hepatic catalase activity were more similar between the dietary groups. These data indicate that old control mice translated hepatic catalase mRNA about twice as efficiently as old CR mice.
DISCUSSION
Having characterized hepatic catalase gene expression in female mice, we present the novel conclusion that aging can increase the translational efficiency of catalase mRNA. Further, we show that CR obviates this change, maintaining catalase activity at the levels found in younger mice. These conclusions follow from (a) quantification of the peroxidatic and catalatic activities of the enzyme; (b) the level of catalase mRNA and protein; and (c) rates of synthesis and degradation in the liver of CR and control mice.
How do the published results compare with each other and with those reported here?-For male rats and mice the published data are highly consistent (Table 1) . Together, the studies indicate that aging reduces hepatic catalase transcription, mRNA, and activity in males, and that CR resists these negative effects of age on catalase gene expression.
Published results using female rodents are much less consistent (Table 1) . Previously, three studies found a decrease, two an increase, and two no change in hepatic catalase activity with age. With respect to diet, one study found no effect and the other an increase in catalase activity with CR. Only two previous studies in females measured the effects of both age and CR on catalase mRNA. Both studies found that diet had no effect on the mRNA. However, with respect to age, one study found an increase and the other a decrease.
Several aspects of the results we report here are consistent with the two published reports of catalase gene regulation by age and CR. We too found that CR has no effect on catalase mRNA. In addition, we found catalase protein levels increase in old control mice, in agreement with results found in female Emory mice (Table 1) . However, there is little agreement between our results and those obtained in Emory mice regarding the effects of CR and age on catalase activity and mRNA ( Table 1 ). The reasons for these differences are unclear. However, both sexes were used for the studies of Mura et al. (19) , and it is unclear which sex was used for each of the studies shown. 4 and lanes 5-8, respectively) . The catalase mRNA and 18S rRNA are labeled to the left. B: Dot blot quantitation of catalase message levels from mice in each dietary group. RNA dot blots were successively hybridized with 32 P-labeled oligo-dT and the cDNA for mouse catalase. Dots were quantified using a phosphorimager. The level of catalase was corrected for the total mRNA present in each lane, determined by hybridization with oligo-dT. The data represent the means ± SD of eight mice of each dietary group from the 21-month-old cohort.
In all, the results in females are much less consistent than those found in males. Our interpretation of these similarities and differences is that catalase activity, and to some extent its mRNA, are highly variable in female rodents. This femalespecific variability may result from some aspect of female physiology. An obvious possibility is the hormonal cycling unique to females. Female mice of different strains have characteristic estrous cycle lengths (inter-estrous intervals), and female mice housed together tend to synchronize their cycles (38) . Thus, the differences found among different strains of mice and rats, and within the same strain, may arise from different phases of the estrous cycle and the cessation of the cycle in old animals. Results obtained within a group of animals might be similar due to estrous synchrony, whereas results between different groups might be more variable.
What is known about the regulation of catalase gene
expression?-While catalase gene expression is likely to be of great gerontological and toxicological significance (3, 39, 40) , its regulation remains very poorly characterized. As discussed earlier, the gene appears to be transcriptionally regulated in aging male rodents. The gene also is regulated tissue-specifically (41, 42) , hormonally (42) , and developmentally (41) . A late gestational rise in rat lung catalase activity and its stimulation by dexamethasone appear to involve transcriptional regulation (42) . An elevation of lung catalase activity during neonatal hyperoxia appears to involve increased catalase mRNA stability (42) . Mouse strain-specific differences in catalase activity in a wide variety of tissues have been reported (41) . One strain-specific difference in hepatic catalase levels is due to different rates of catalase degradation (36) . More recently, genotype-and strain-specific differences in the expression of catalase in a number of mouse tissues were attributed to differences either in translational efficiency or post-translational protein stability (43) .
Thus, the catalase gene can be regulated at the level of transcription, protein degradation, or, as we show here, translational efficiency. However, in no case have any of the molecular components responsible for such regulation been identified.
Why is catalase activity highest in old control mice?-
The results of the studies reported here seem counterintuitive in the context of the free radical theory of aging. It might be assumed that CR would increase levels of catalase activity. There are a number of possible explanations for the increase in activity found in the old control mice. As suggested above, the increase may be related to the physiological changes associated with the estrous cycle and with its cessation with age. Alternatively, if liver catalase activity or mRNA levels respond to endogenous reactive oxygen species, the increase in control mice may be due to an increase in reactive oxygen species. Aging does increase reactive oxygen species in several different organs of insects and mammals (3) . CR animals generate less reactive oxygen species, have less oxidative damage, and thus may not need the higher levels of antioxidant activity present in the old control mice (3).
